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The catecholic amino acid, 3,4-dihydroxyphenylalanine (DOPA), is present in

specialized cells of most animals where it serves as an intermediate in the bio-

synthesis of catecholamine hormones, neurotransmitters and melanin pigments

(Nagatsu, 1973).
A somewhat different role of DOPAis suggested by its occurrence in several

invertebrate extracellular structural proteins including leech egg capsule (Knight
and Hunt, 1974), trematode egg capsule (Rainsford, 1967), mytilid byssus fibers

(Degens and Spencer, 1966) and the periostracum of various bivalve molluscs

(Degens, Spencer and Parker, 1967; Waite, 1977; Waite and Andersen, 1978).

All these structures share the property of being sclerotized by an undefined process
of protein cross-linking termed quinone tanning (Brown, 1950; Brown, 1952).
DOPAis the only known immediate precursor of quinones in these structures, but

no experimental data exist about the role of DOPA in the protein cross-linking

process.

In the periostracum of Mytilus cditlis, DOPAis at all times an integral part
of the structural protein and can not be dissociated from it without the complete

hydrolysis of the protein. Waite and Anderson (1978) recently reported the

recovery of significantly more 'DOPA from hydrolysates of new marginal perio-

stracum than from older exposed periostracum. The apparent disappearance of

DOPAmight result from its modification by cross-linking to proteins, thus render-

ing the proteins less soluble with time, i.e., sclerotization. To test this possibility,

we have measured the amounts of DOPA and soluble protein in increasingly

aged periostracal annuli in the shell of the mussel, Mytilus cdulis.

MATERIALS AND METHODS

Live mussels were collected from Issefjord (Denmark) during the months

May to July. The age of each specimen was estimated by counting superficial

annuli, and this estimate was corroborated by examination of umbonal cross-

sections (Lutz, 1976). The periostracum was scrubbed clean under running tap

water and peeled from the shells after partial decalcification in aqueous acetic

acid (4%) and methanol (2.5%). Peeled periostracum was rinsed in three

changes of distilled water and cut into 5 or 6 annular sections (Fig. 1). The

ledge of periostracum along the shell margin is simply referred to as marginal

periostracum. Each of the 39 sections was dehydrated in 95% ethanol, freeze-

dried, pulverized and weighed. Powdered sections were subdivided into two

lots one to be assayed for soluble protein and, the other, for the determination

of DOPA and tyrosine after acid hydrolysis. Soluble protein was extracted

from periostracum with formic acid (13.0 M) at 4 C for 24 hr. Insoluble protein

1 Present address : Department of Biochemistry, University of Connecticut Health Center,

Farmington, Connecticut 06032.
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FIGURE 1. A drawing of the right valve of Mytilus edtilis depicting the crescent-shaped

annular sections into which the periostracum was cut. The insert ( lower right ) affords a

cross-sectional view of the marginal periostracum. This is the onlv area where periostracum

does not overlay mineralized shell. The numbers associated with the annular sections cor-

respond roughly to the average age of a given section. Age is in years.

was removed by filtration through fritted glass ; the filtrate was concentrated by

rotary evaporation to a final volume of 2 to 4 ml. Aliquots of 2 to 4 /zl or less

were assayed for protein using a modified Lowry procedure ( Hartree, 1972).

Soluble protein from marginal periostracum was diluted 10-fold with distilled water,

dialyzed against the same (12 hr at 4 C), freeze-dried and stored at 20 C.

Periostracal samples were hydrolyzed for 24 hr in 6 M HC1 with 0.1% caprylic

acid and 1.0% thiodiglycol at 110 C in vacua. The acid was removed by vacuum

evaporation at 50 C, and the residue was dissolved in 0.2 M acetic acid (2-3 ml)

and centrifuged at 10,000 X g for 30 min to remove insoluble materials. Tyrosine

and DOPAwere separated as described previously (Waite and Andersen, 1978),

and quantitated at 280 nm using the molar extinction coefficients 1 180/(M -cm)

[tyrosinej and 2600/ ( M cm ) [DOPA] (Merck Index, 8th Edition, 1968). Amino

acid composition of three periostracal samples (soluble, marginal and first-annular

periostracum) was determined after acid hydrolysis (described above) for 24,

48, and 72 hr on a Beckman Model 120 C analyzer according to the method of

Moore (1968). Annuli older than one year were not analyzed for ammo acids

due to difficulty in insuring complete removal of attached extraneous marine flora

and fauna.

Isolation of aromatic compounds other than DOPAand tyrosine from acid

hydrolysates of periostracum (marginal) was performed according to the method

of Waite and Andersen (1978) using gel filtration on Bio-Gel P-2 (50 X 1.5 cm)

and ion exchange on cellulose phosphate in tandem. Eluants of each column were

monitored for per cent transmittance at 280 nm. Isolated individual peaks were then

scanned for absorbance between 225 and 325 nm with a Pye-Unicam SP-8000

spectrophotometer. Thin-layer chromatography on Merck cellulose Fertigplatten

was used to check the purity of the isolated peaks. The solvent system was 4-parts

2-propanol to 1 part acetic acid to 1 part water, and the indicator was ninhydrin

(0.1%) in absolute alcohol.
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RESULTS

An apparent increase in the age of periostracum is accompanied by decreasing

solubility of periostracal protein in formic acid and by decreasing concentrations

of DOPAand tyrosine in hydrolysates of periostracum (Fig. 2). DOPAand
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FIGURE 2. Variation of DOPA, tyrosine and protein solubility in periostracum with

respect to the age of the annular section. Each point (excepting the last) represents the

mean of 6 to 8 trials. Bars define the standard error of the mean. Numbers in the abscissa

denote the average age of that annulus (years).
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FIGURE 3. Plot of the correlation of DOPAand soluble protein in .Wytilus periostracum.
Dots represent 39 observations in which protein solubility (per 100 mg periostracum) in formic
acid (Yi) is plotted against its DOPA content (Y^) determined after complete hydrolysis
of the protein. The product-moment correlation coefficient is designated ri.j and was calculated

according to Sokal and Rohlf ( 1969) from all the points in the distribution. P denotes

probability that linear distribution is significant.

protein solubility exhibit decreases that resemble first order decay rates with

asymptotes at 0.5 and 1.5% of weight, respectively. In contrast, tyrosine does not

decrease significantly (t s
= 1.323, df = 11) between the margin and the first

annulus ; subsequently, its decrease is gradual and occurs throughout the life span
of the periostracum.

Formic acid (13ivt) is an effective protein denaturant and solvent, and for

this reason, was chosen to extract all periostracal proteins not stabilized by covalent

bonds. Figure 2 illustrates that, with the exception of the margin, very little

protein can be extracted from periostracal annuli. The curves for protein solu-

bility and DOPAin periostracum are sufficiently similar to suggest that a cor-

relation exists between the two variables. Figure 3 shows a plot of all paired

DOPA-protein solubility measurements. The data exhibit a roughly linear dis-

tribution (R = 0.931) and support the interpretation that a decrease in recoverable

DOPA is directly proportional to decreasing protein solubility. The chief

advantage of this correlation plot is that it eliminates the need for the most

approximately measured variable, i.e., age.
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TABI.F. I

Amino acid composition of soluble, marginal and annular periostracum

reported as percent weight of total weight.
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FIGURE 4. Elution of UV-absorbing compounds from acid hydrolysed marginal perio-
stracum ( 50 mg) on a column of Bio-Gel P-2. Buffer is 0.2 M acetic acid and the flow rate

is 12.5 ml/hr. Fractions containing peaks E and G were pooled for further purification by
ion exchange on cellulose phosphate.

acterized and may shed some light on the fate of DOPA. E and G elute 2 and

6 hr, respectively after DOPAon cellulose phosphate using an ion gradient of

0.4 to 1.0 M NaCl according to Waite and Andersen (1978). On cellulose thin-

layer chromatography, E and G migrate as uniform ninhydrin-positive spots with

Rf values of 0.48 and 0.55, respectively, compared to 0.31 for DOPA. The ultra-

violet spectra of the compounds between 225 to 325 nm, showed Aniax for both

at 250 nm, and shoulders at 279 (E) and 284 nm (G). These spectra resemble

strikingly some of the spectral characteristics of DOPAaddition compounds with

cysteine (Ito and Prota, 1977; Agrup, Hansson, Rorsman, Rosengren and Rosen-

gren, 1976), and further research is expected to resolve whether these compounds

might be DOPA-derived cross-links.

DISCUSSION

Insolubility, in addition to mechanical strength and resistance to proteolysis,

is a key characteristic of scleroproteins (Linderstr0m-Lang and Duspiva, 1936).

In the periostracum of Mytilus edulis, only newly secreted marginal material

contains a substantial amount of protein soluble in formic acid ; the remainder is

almost wholly insoluble in the same solvent. Thus, it would appear that sclerotiza-

tion occurs rapidly in Mytilus. Our results indicate that the degree of sclerotization

of periostracal protein is closely correlated to the concentration of L-DOPA in

acid hydrolysates of the protein.

Few will contest the premise that DOPAcontributes to quinone-tanning. It is

an immediate quinone precursor by enzymatic catalysis or auto-oxidation (Mason,

1948), and DOPA quinones can condense with amino acid residues to form
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FIGURE 5. UV-spectra of purified peaks E and G. Maximal absorbance occurs at 250 nm.
Solvent was 0.2 M acetic acid.

quinone adducts (Mason and Peterson, 1965; Ito and Prota, 1977). A problem

invariably arises, however, with respect to whether tyrosine or DOPAactually

serves as the precursor for quinones. Many of the current assumptions about

sclerotization have been influenced by the studies of Lissitzky. Rolland, Reynaud
and Lasry (1962) showing that DOPA transiently present in proteins in vitro

is derived from tyrosyl residues by the direct action of mushroom polyphenoloxidase.
Without compelling evidence, Pujol (1967) compared this reaction to the sclerotiza-

tion of tyrosine-rich protein in Mytilus byssus. Similarly, many workers have

since relied on the same reaction (often called autotanning) to explain sclerotiza-

tion of tyrosine-rich proteins in molluscan periostracum.
We consider the mushroom polyphenoloxidase reaction as inadequate for de-

scribing sclerotization of periostracum. The following evidence now exists sup-

porting a direct role of DOPA, not tyrosine, in the sclerotization of mytilid perio-

stracum : it is known that periostracal phenoloxidase does nut catalyze the oxidation

of tyrosine (Waite and Wilbur, 1976) ; that catecholic compounds (DOPA) are

abundant in the periostracum-secreting cells of the mantle (Bubel, 1973) ;
that

DOPAis present at proportions of up to 4% in a soluble presclerotin (MW20,000)
of formic acid-extracted periostracum (Waite, Saleuddin and Andersen, 1979),

and that DOPA, not tyrosine, decreases during the major period of sclerotization

between the margin and first annulus. Of course, DOPAstill owes its existence

to a post-translational modification of some tyrosyl residues by o-hydroxylation

(Waite, Saleuddin and Andersen, 1979), but this event probably occurs during
cellular processing of the protein, prior to its involvement in sclerotization.

Hunt and Gates (1978) have avoided the DOPA-tyrosine question by emphasiz-
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FIGURE 6. Sclerotization in locust cuticle (A) and Mytilus periostracum (B). Asterisks
in A signify side chain carbons activated during /3-sclerotization. Structures la-c are catechols :

II a-b are quinones.

ing the products of aromatic cross-links in molluscan periostracum rather than the

precursors. Unfortunately, nothing is known about the fate of DOPAfollowing
its oxidation to quinones in periostracum. One would assume that DOPA-quinones
react with certain amino acid residues to form intermolecular cross-links. Lysine

may be such a reactive residue, but our results are not yet conclusive about this.

The observation by Morrison, Steele and Banner (1969) that quinones in vitro

are capable of reacting with almost all amino acids could portend great difficulty

in the isolation of specific cross-links from periostracum.
Sclerotization of exoskeletal proteins has been exploited throughout the animal

kingdom, producing structures with a diversity of physical properties appropriate
to the needs of the organism. A comparison of Sclerotization of locust cuticle

with that of Mytilus periostracum reveals striking similarities as well as differences.

In both, the oxidation of catecholic precursors mediates protein Sclerotization.

However, in the locust cuticle (Fig. 6-A), the catechol, N-acetyldopamine, is of

low molecular weight and freely diffusable. During Sclerotization, it can be con-

verted to either a quinone or a catechol with activated side chain (/?-sclerotization).

Thus, in the locust, Sclerotization can be modulated by the local concentration of

N-acetyldopamine relative to protein, and by the ratio of quinone-tanning to

/?-sclerotization (Andersen, 1974). In Mytilus periostracum (Fig. 6-B), protein
with tightly bound DOPAresidues is secreted from the mantle and cross-linked as

the oxidized DOPAquinones react with available nucleophilic groups. Although
less sophisticated than Sclerotization in locust cuticle, the DOPAprotein seems

ideally suited to Sclerotization of Mytilus periostracum ; it is water-insoluble,

reactive as a monomer, inert as polymer, frugal (catechol and protein in one) and

can be secreted continuously without the need for exuviation.
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SUMMARY

1. The periostracum of Mytilus edulis is a highly sclerotized protein structure

as demonstrated by its low solubility in 13 M formic acid.

2. The concentration of DOPA in periostracal hydrolysates is not uniformly
distributed, but varies directly with protein solubility and logarithmically with the

approximate age of the material.

3. The results suggest that the disappearance of DOPAis linked to the scleroti-

zation of periostracum, probably by way of quinone-tanning ; tyrosine does not

appear to participate in sclerotization.

4. Sclerotization of DOPA-protein in Mytilus periostracum is compared to a

similar process in the exoskeleton of the locust, Schistpcerca gregarla.
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